Benign epilepsy with centrotemporal spikes (BECT) is the most common form of childhood idiopathic focal epilepsy syndrome. We investigated quantitative evidence regarding brain morphology and functional connectivity features to provide insight into the neuroanatomical foundation of this disorder, using high resolution T1-weighted magnetic resonance imaging (MRI) and resting state functional MRI in 21 patients with BECT and in 20 healthy children. The functional connectivity analysis, seeded at the regions with altered gray-matter (GM) volume in voxel-based morphometry (VBM) analysis, was further performed. Then, the observed structural and functional alteration were investigated for their association with the clinical and behavior manifestations. The increased GM volume in the striatum and fronto-temporo-parietal cortex (striato-cortical circuit) was observed in BECT. The decreased connections were found among the motor network and frontostriatal loop, and between the default mode network (DMN) and language regions. Additionally, the GM of striatum was negatively correlated with age at epilepsy onset. The current observations may contribute to the understanding of the altered structural and functional feature of striato-cortical circuit in patients with BECT. The findings also implied alterations of the motor network and DMN, which were associated with the epileptic activity in patients with BECT. This further suggested that the onset of BECT might have enduring structural and functional effects on brain maturation.
Introduction
Benign epilepsy with centrotemporal spikes (BECT) is the most common form of childhood idiopathic focal epilepsy syndrome (15-20% of all childhood epilepsy cases, with a male predominance), and the most frequent age of onset is 7-10 years of age.
1,2
The spontaneous remission occurs in almost 90% of patients with BECT before the age of 16 years.
1,3
The distinctive clinical manifestations include shortlasting focal motor or sensory seizures that occur during sleep, 1,3 specific biphasic sharp wave discharges arising from the centrotemporal regions (rolandic spikes). 2 Ciumas and colleagues illustrated diffusion tensor imaging (DTI) evidence of white matter (WM) abnormalities in patients with BECT, suggesting that the abnormal developmental trajectory of the brain is influenced by epileptic activity.
4
BECT is therefore considered a development disease. The epileptogenic zone of rolandic spikes involves neuronal networks inside the rolandic cortex surrounding the central fissure. 5 However, rolandic spikes resulted from abnormal cortical excitability, 6, 7 can commonly lead to disturbances within a hemisphere including the opercularis of the frontal and parietallobes. Although BECT is considered as a type of "benign" epilepsy due to the good prognosis and remission of seizures before adulthood, neuropsychological abnormalities involving memory, language and executive function are often found in patients with BECT. 8, 9 Neuroimaging evidence has shown disturbed activation responses to language tasks 10, 11 and altered structural and functional connections between the motor and language networks. 12 The gray matter (GM) features, including volume and thickness, 13, 14 and WM parameters, including diffusion and fiber tracking, 4, 15 were also observed in the cortical (the rolandic region, perisylvian regions and pre-and postcentral gyri) and subcortical regions (the putamen and caudate nuclei) in patients with BECT. Together, these studies suggest that the cortical and subcortical disturbances in BECT may be associated with the various neuropsychological deficits. Voxel-based morphometry (VBM), an automated tool to assess the regional anatomical differences in gray or WM between groups in vivo, which is based on high resolution magnetic resonance imaging (MRI), has been wildly applied to explore the alterations of brain structures in patients with neuropsychiatric disorders. 16 30 The functional connectivity to the regions with structural alteration may reflect the functional abnormality associated with the structural abnormality. The approach combined VBM and functional connectivity analysis would provide more meaning findings to the neuroanatomical foundation, and is adopted in neuropsychiatric disorders.
16,31,32
However, to our knowledge, there is almost no study that combines VBM and functional connectivity analysis for the investigation of functional disturbances of the brain in BECT patients. In general, the structural alteration of brain accompanies with the functional abnormality. Contrary to previous connectivity studies, in which seeds were defined based on a priori, the present study employed structural alteration (VBM results) as a seed to analyze the functional connectivity. We hypothesize that the regions with significant changes in GM volume may be involved in functional connectivity abnormalities. Our approach combining VBM and functional connectivity analysis will contribute to the understanding of the potential pathophysiological mechanisms of BECT.
Methods

Participants
Twenty-one patients with BECT, aged 6-11.5 years, were recruited over a two-year period (from June 2012 to May 2014) from among pediatric epilepsy outpatients and the inpatient department of the Affiliated Hospital of North Sichuan Medical College (demographic and clinical information are detailed in Table 1 ). Our selection criteria included (i) the . Twenty healthy subjects, aged 6-12 years, were recruited as a control group. All of the controls were interviewed to confirm that they had no history of neurological and/or psychiatric disorders. There were no differences in the ages and genders between the two groups ( Table 1 ). All subjects were right-handed native Chinese speakers. Subjects and his/her parents were gave informed consent for the study. This research was reviewed and approved by the Ethical Committee of the Affiliated Hospital of North Sichuan Medical College. All patients could perform cognitive assessments independently.
Neuropsychological tests
Both BECT and control participants completed a battery of neuropsychological tests using the Chinese version of the Wechsler intelligence scale for children (WISC-III), which provided composite scores for full scale intelligence quotient (IQ), verbal conceptual reasoning (verbal IQ), and nonverbal reasoning (performance IQ).
Image acquisition
Brain MRI scans were acquired on a 3T MRI scanner (GE DISCOVERY MR750) using an eightchannel standard whole head coil. High-resolution T1-weighted images were acquired using a threedimensional fast spoiled gradient echo (T1-3D FSPGR) sequence (TR = 6.008 msec, TE = 1. To ensure stabilization of the major magnetic field (B0), the first five volumes were discarded. During data scanning, subjects were instructed to close their eyes without falling asleep.
Voxel-based morphometry analysis
All T1 images were reviewed by a radiologist (C. L.). One patient was excluded due to motion artifacts in T1 images. VBM was performed using a statistical parametric mapping package (SPM8, http:// www.fil.ion.ucl.ac.uk/spm). First, all T1 images were manually coregistered with the standard T1 template provided by SPM8. The coregistered images were then segmented into GM, WM and cerebrospinal fluid (CSF) using the unified segmentation procedure. 17 A diffeomorphic nonlinear registration algorithm (DARTEL, diffeomorphic anatomical registration through exponentiated lie algebra), which provides improved registration accuracy compared with conventional VBM, 34 was used to warp the GM partitions into a new customized references space representing an average of all the subjects. The resulting images of average size were further spatially normalized to MNI space using an affine spatial normalization. Second, to preserve the volume of a particular tissue (GW or WM) within a voxel, a further modulation step was included. This step involved multiplying the spatially normalized GM by its relative volume before and after spatial normalization.
17
When using modulated images for performing subsequent group comparisons, the inference was made on measures of volume rather than tissue concentration (density). Finally, the segmented modulated images for GM were smoothed with an isotropic Gaussian kernel (8 mm full width at half maximum).
Voxel-based comparisons of gray-matter volume were performed between the two groups using twosample t tests in SPM8. The age, gender and whole brain volume were corrected by including them as confounding covariates. The level of significance for group differences was set at p < 0.05 (FDRcorrected).
The ROIs were defined based on the results of the VBM comparison. The averaged GM volumes of each ROI were correlated with clinical factors (age at onset and epilepsy duration) and neuropsychological scores (verbal IQ, performance IQ and full-scale IQ) using partial correlation analysis, controlling for the effects of age, gender and AED. The study included 12 newly diagnosed patients who did not receive AEDs. We used the values of one or zero to represent patients who did or did not receive AEDs, respectively, and the resulting sequence was used as a covariate in the partial correlation analysis. Thus, the information regarding AEDs only represented whether a given patient received AEDs, rather than the category and dose of the drugs.
Functional connectivity analysis
Imaging data were preprocessed using the SPM8 software package (http://www.fil.ion.ucl.ac.uk/ spm/). The functional data of each subject were corrected for slice timing and motion. Subjects with head motion more than two mm (translation) and 1.5 • (rotation) during scanning were excluded.
Next, the functional data were spatially normalized to standard Montreal Neurological Institute (MNI) space and resampled to 3 × 3 × 3 mm 3 . Then, spatial smoothing was applied with a 6-mm full-width at half maximum (FWHM) Gaussian kernel. Finally, the six head motion parameters, CSF and WM and globe signals were regressed out in the general linear model for each subject. 35 After excluding four patients and three control subjects due to excessive head motion, the remaining 34 subjects, including 17 patients and 17 controls, were analyzed in the following functional connectivity analysis. Functional connectivity analysis was performed using REST software (http://www.restfmri.net).
36
The seed was defined with a radius of 6 mm and a center voxel at the peak of the difference compared to the VBM. For a given seed, the Pearson's correlation was calculated between the time courses from seed and each voxel in whole brain. Then, correlation coefficients were converted to a normal distribution by Fisher's z transform. For each group, individual zvalue maps were analyzed with a random effect onesample t-test to identify voxels that showed a significant correlation with the seed. Finally, a two-sample t test was used to compare the differences between groups. The group comparison was restricted to the clusters with significant functional connectivity maps in both groups by using an explicit mask from the union set of the one-sample t-test results.
Results
Demographic characteristics and neuropsychological tests
Demographic characteristics and IQ scores are presented in Table 1 . The group mean age was 9.12 years (SD = 1.51) in patients and 9.26 years (SD = 1.96) in healthy controls, and no difference was found between groups (p = 0.614). The IQ scores, including verbal IQ, performance IQ and full scale IQ, are illustrated in Table 1 . The IQ scores of patients were significantly lower than the healthy controls (p < 0.001). lobule (PCL), right anterior insula/frontal operculum, right supplementary motor area (SMA), right inferior temporal gyrus and left cerebellum (Fig. 1) . The results were visualized using the xjView toolbox (http://www.alivelearn.net/xjview). For eight ROIs with significantly increased GM volume (peak voxels shown in Table 2 ), we found a significant negative correlation between the GM volume of the bilateral putamen and age of epilepsy onset after controlling for the effects of age, gender and AEDs ( Fig. 2 ; r = 0.586, p = 0.017 for the left putamen; r = 0.520, p = 0.039 for the right putamen). We observed a significant positive correlation of the volume of the right anterior insula/frontal operculum with the verbal IQ (r = 0.644, p = 0.007) and full scale IQ (r = 0.708, p = 0.002). These findings are demonstrated in Fig. 3 . We did not find a significant association with clinical factors for the remaining ROIs.
Voxel-based morphometric analysis
Functional connectivity analysis
We chose eight ROIs based on the differences of GM volumes between groups, including bilateral putamen, PCL, right anterior insula/frontal operculum, right SMA, right inferior temporal gyrus and left cerebellum. The peak of these ROIs is shown in Table 2 . To assess the effect of structural alterations in patients with BECT on intrinsic functional connectivity, we further explored changes in the spontaneous functional networks of the eight ROIs.
Resting state functional connectivity analysis revealed the alteration of functional connection in four ROIs (p < 0.05, FDR corrected; Table 3 and Fig. 4 ), but no significant difference between groups was found in the remaining four ROIs, which included the left putamen, left cerebellum, right PCL and right temporal lobe. For the seed at the right putamen, patients showed the decreased functional connections with right anterior cingulate cortex (ACC, BA 32) and right medial frontal gyrus (BA 10). For the right anterior insula/frontal operculum, patients also showed the decreased functional connections with the bilateral ACC (BA 24), left superior frontal gyrus (BA 11), left caudate head, right middle frontal gyrus (BA 9) and right thalamus. For the right SMA, patients showed the decreased functional connections with the left precentral gyrus (BA 6, 44) . Decreased functional connections to the left PCL were also found in the right angular gyrus (BA40), bilateral precuneus (BA7), bilateral medial superior frontal gyri (BA 8) and bilateral middle temporal gyri (BA 21) in BECT. These differences are visualized in Fig. 4 using the xjView toolbox. For each ROI, no significantly increased functional connection was observed in patients compared with healthy controls. For the four ROIs with differences in functional connections between groups, no significant correlation with the clinical factors was observed.
Discussion
To the best of our knowledge, the current crosssectional study is the first to utilize a combination of results from neuroanatomical feature and functional connectivity analysis in patients with BECT. There are three major findings of this study: first, the increased GM volume of the bilateral putamen was negatively correlated with the age at epilepsy onset and disturbed functional connectivity in the frontostriatum loop; second, patients showed the increased volume in language-related cortical areas (the right inferior temporal gyrus and right anterior insula/frontal operculum) and the decreased functional connection between these regions and ACC, frontal cortex and thalamus; and third, patients showed the increased GM volume in motor-related areas (the bilateral PCL and right SMA) and the decreased functional connection within these regions and connection between these regions and default mode network (DMN). These findings indicated the altered structural and functional feature of the striato-cortical circuit in BECT which included the fronto-temporo-parietal cortex. Moreover, the onset of BECT is associated with neurodevelopmental abnormalities of the striatum. These findings also implied alterations in motor networks and the DMN, which are associated with the epileptic activity in patients with BECT. The current observations may contribute to the understanding of the mechanisms of psychosocial functional impairments in patients with BECT.
The original goal of the current study was to investigate neuroanatomic alterations in patients with BECT. Recently, studies have revealed extensive structural alterations in subcortical or cortical regions in patients with BECT. For example, Lin and colleagues demonstrated a hypertrophied putamen in new-onset patients with BECT, 37 and
Pardoe et al. observed the increased cortical GM volumes in the frontal lobe and insula. 14 Consistent with these studies, patients with BECT also showed the increased GM volumes in these regions in the current study. As opposed to previous studies, we observed disturbed functional connectivity of these regions with altered GM volume. Functional connectivity investigation has shown that resting state brain activity is spatially organized in sets of specific coherent patterns that putatively correspond to a specific brain function. 38 In epilepsy, the spikes illustrated in EEG can directly reflect the abnormality of electrical activity in the specific brain regions, which included lots of information to detect the seizures. [39] [40] [41] [42] Additionally, the high correlation exists between spiking activity and the metabolic information such as fMRI BOLD changes. 43 For example, a linear relationship between spiking activity and negative BOLD responses was observed in anesthetized monkeys. 44 Here, the complementary results of combined functional and anatomical MRI analysis help to assess differences in the crosstalk among brain regions, reflecting abnormal metabolic activations in response to altered GM volume in patients.
The putamen, which mainly receives projections from the motor and motor association cortices, is thought to play a key role in motor processing and executive function. In our previous studies, patients with absence seizures presented with altered anatomy and function of the striatum. 26, 45 These findings suggested that the striatum was closely associated with epileptic activity. 46,47 A hypertrophied putamen was found in patients with BECT in a previous study, 37 suggesting an association with aberrant cognitive control and executive function and development abnormalities in patients with BECT. Consistent with the findings of Lin et al., we found the increased volume in the bilateral putamen in patients with BECT. Moreover, the magnitude of the increase lessened with age at epilepsy onset in the cases. According to the traditional view of normal striatal development, in which the volume of striatum declines linearly with the age of subjects,
48
our findings might imply that epileptic activity could influence the striatal developmental trajectory, and the effect could be more dominant with an early age of onset. In addition, the GABA ergic neurons of basal ganglia have direct suppressed effects for the epileptic discharges. [49] [50] [51] Based on the tight coupling between the metabolic and electrophysiologic activity, 52 the BOLD singles would be altered by the epileptic discharges. In this study, we also assessed the functional connectivity of the putamen and found the decreased connections of the right putamen with the right medial prefrontal cortex and ACC. This might reflect the disturbed frontostriatal network in patients with BECT. Investigators have argued that the frontostriatal circuit is implicated in emotion processing, 53 the filtering and focusing of cortical input, and selecting among potential cognitive and behavioral representations. 54 Moreover, the patients with BECT also showed a significantly reduced performance IQ in the current study. Therefore, the attenuated functional connectivity in the frontostriatal circuit might contribute to the understanding of the cognitive deficits and abnormalities of executive function in patients with BECT. We also observed the increased volume in the right inferior temporal gyrus and anterior insula/frontal operculum. Previous studies have indicated that the frontal operculum and right inferior temporal gyrus support different functions during language processing and that left-hemisphere language dominance is observed in normal righthanded subjects. 55 Recently, studies have reported language deficits and altered hemispheric lateralization in patients with BECT. 11, 56 The patients recruited in this study also exhibited the decreased verbal IQ. In addition, a larger volume of the right anterior insula/frontal operculum was linked to better performance on the verbal intelligence test in patients. We therefore speculated that the increased volume in the right language related regions, rather than in the left hemisphere with language dominance, implied a contralateral compensation for the language deficit in patients with BECT. The altered asymmetry in the language association cortex was also observed in other children with language abnormalities caused by disturbed language development, 57 such as autism. 58 In addition, Beseling et al. showed aberrant structural and functional connectivity between the motor and language networks in patients with BECT. 15, 30 Although an alteration in connectivity between motor regions and language areas was not found in this study, our findings might explain the decreased language performance in BECT patients to some extent. Patients with BECT revealed altered GM volume in the bilateral PCL, right SMA and left cerebellum, as well as reduced functional connections between the right SMA and left primary motor cortex in this study. These regions are involved in motor function and are thought to play a key role in interictal epileptiform discharges in BECT patients.
3,4,59
A recent diffusion study demonstrated abnormal diffusion parameters in the pre-and postcentral gyri and the rolandic region, and stated the probability that chronic epileptic activity leads to microstructural alteration of these regions. 4 In a previous study using EEG-fMRI, Mastertion and colleague illustrated BOLD responses related to interictal epileptic discharges in the rolandic regions. 60 Therefore, our findings combining structural and functional analysis might delineate the alterations in motor networks related to the epileptic activity in patients with BECT. In addition, the decreased functional connections between the left PCL and regions in the DMN also might reflect abnormalities associated with epileptic activity because the DMN, which linked to the fundamental level of brain function during the resting state, showed remarkable deactivation in response to epileptic spikes and abnormal functional connectivity in patients with epilepsy. This study is a cross-sectional study with several associated limitations. First, we suggested a developmental hypothesis that should be further tested in prospective longitudinal studies which further investigate the association between cerebral abnormalities and development. Second, the AEDs used by some patients might confound our findings, although half of the patients did not receive drugs. The type and dose of drugs should be detailed in the future studies. Finally, we did not observe clinical seizures by visual monitoring of all patients during fMRI scans. The data from fMRI, however, may be affected by interictal epileptic discharges because simultaneous EEG was not performed during fMRI scans. In conclusion, the findings of this study demonstrated regional GM volume abnormalities and their disrupted functional connections involving the striato-cortical circuit in patients with BECT. Moreover, larger GM volume in the striatum was linked to younger age at epilepsy onset, and the right insula/frontal operculum to better performance on verbal IQ tests by patients. These findings support the structural and functional alterations associated with chronic epileptic activity in the motor network and deficits in language and executive function in patients with BECT. The findings further suggest that BECT may link with the structural and functional effects on brain maturation. Future studies employing longitudinal designs may be helpful to further investigate cerebral abnormalities and their association with cognitive impairment and development.
